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Patent Application 

SPLIT POLY-SiGe/POLY-Si ALLOY GATE STACK 
Background of the Invention 

1. Field of the Invention 

The present invention relates to a field effect transistor structures and, 
5 more particularly, to a field effect transistor structures with a multi-layered gate 
electrode structures and process of making same. 

2. Background and Related Art 

Various types of integrated circuits are fabricated on semiconductor 
substrates and p-channel type field effect transistors and n-type field effect 

10 transistors are major circuit components of the integrated circuits. The desire 
for increased speed and density, however, has resulted smaller and smaller 
gate electrodes and extremely thin gate insulating layers. This has, in turn, 
resulted in what has been called the "short channel" effect which tends to 
occur in field effect transistors due to narrow gate widths. 

1 5 One solution to the problem of "short channer effect has been the 

introduction of dopant impurity, opposite to the channel conductivity, into the 
gate electix)de. Boron, for example, is introduced into the polysilicon gate 
electrodes of p-channel type field effect transistors (pFETs) and arsenic or 
phosphorous is introduced into the polysilicon gate electrodes of n-channel 

20 type field effect transistors (nFETS). 
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Although this solution is effective in overcoming the "short channer 
effect problem, it has manifested at least one other problem in its effective 
implementation. This problem is centered on the fact that the thermal energy 
required for activation of dopant impurity is very difScult to adjust. If tiie 
5 thermal energy is large, most of boron dopants in the gate electrode is fiilly 
activated. However, because the difiiisivity of boron in silicon is high, atomic 
boron penetrates through gate insulating layer into the Si-channel. As a result, 
this creates another short channel effect problem. On the otiier hand, if the 
thermal energy is not sufiicient, boron dopant is partially activated, leaving a 

10 considered amount of boron inactive at the boundary between the gate 
insulating layer and gate electrode. This creates gate electron depletion 
affecting, in turn, the integrity of the threshold of the gate. 

A solution to this latter problem has been found by introducing 
germanium into the structure. This has been implemented in the prior art in a 

15 boron-doped multi-layered structure by including a layer of silicon-germanium 
(SiGe). Thus, multi-layered gate structures may comprise, for example, an 
amorphous silicon layer on the gate insulating layer and a SiGe layer laminated 
on the amorphous silicon layer. A polysilicon layer is, in turn, laminated on 
the SiGe layer and a cobalt siUcide layer is then formed in self-aligned manner 

20 on the polysilicon layer. The germanium in the SiGe layer is thought to 
enhance activation of the boron doped in the silicon thereby reducing, or 
possibly eliminating, the amount of inactive boron and the resulting gate 
electrode depletion. Such an arrangement has been described in U.S. Patent 
AppUcation PubUcation US2003/0049919A1 . 
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Regardless of the mechanism, the electrically active concentration of 
boron in the SiGe polycrystalline multi-layer gate electrode structure has been 
demonstrated to significantly reduce gate electrode depletion in pFETs. For 
simplicity of integration, it is advantageous to use the same SiGe 
5 polycrystalline multi-layer electrode structure on nFETs doped with arsenic or 
phosphorous. However, it has been found that the high Ge concentration in the 
polysilicon results in very poor CoSia formation on the gate structures, and 
particularly on the nPET gate structures. 

The poor CoSii formation has been attributed to the fact that the Ge 

10 difiusion coeflRcient in the SiGe alloy through poly-grain boundaries is 
extremely high. Because of the large thermal energy employed in CMOS 
integration, the Ge is up-diffiised and achieves equilibrium through the poly 
gate. Therefore, poly-silicide formation of the poly-SiGe alloy gate and metal 
cobalt is practically impossible since cobalt is unreactive chemically with the 

15 element Ge. This results in, at best, in a coagulated and discontinuous layer of 
CoSia on the poly-SiGe alloy gate. The end result is a high resistive gate. On 
the other hand, the element Ge is also known to have a high surfece energy 
and, thus, the SiGe alloy material is extremely diflScult to be made to 
chemically absorb on the gate dielectric structure of multi-layer polysilicon 

20 gate structures. In this regard, poly-SiGe alloy gate structures with low Ge 
concentrations can be formed on gate insulating layers. However, as Ge 
concentration is increased up to around 20% and above, SiGe alloy becomes 
discontinuous. 
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Summary of the Present Invention 

It is, therefore, an object of the present invention to provide an inq^roved 
FET device and method for making same. 

It is a flirther object of the present invention to provide an improved 
S FET device gate, structure and process for so making. 

It is another object of the present invention to provide an improved FET 
device and process therefor that permits the use of a single gate stack structure 
for nFETs and pFETs. 

It is yet another object of the present invention to provide a FET gate 
10 structure that is simple, easy to fabricate and provides reliable gate control. 

It is still yet another object of the present invention to provide a simple 
gate stioicture that is effective to avoid the deleterious effects of the thermal 
energy required to be employed for FET device fabricatioa 

In accordance with the present invention, a simple process and material 
1 5 solution acts to allow the use of a single gate stack structure for both nFETs 
and pFETs and results in both n-gate and p-gate electrode stacks which are 
easily silicided and p-gate electrodes with high boron activation and, hence, 
little gate electrode depletion This is achieved by enq)loying an insitu Rapid 
Thermal Chemical Vapor Deposition (RTCVD) process for creating an 
20 effective SiGe polycrystalline multi-layer gate electrode structure. 

The RTCVD process is employed to first form the gate dielectric of 
SiOi, for example. The process is then employed to grow a layer of 
nano-crystal Si silicon seeds on the gate dielectric. This, in turn, permits the 
deposition of poly-SiGe at high Ge concentrations. An in situ purge of the 
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deposition chamber forms an atomic or monolayer layer of amorphous 
dielectric material, such as, a monolayer of SiOa or SixGcyOz- This occurs 
when a controlled amount of oxygen, O2 reacts with the SiGe alloy surface at a 
low tenq)erature and pressure regime, thereby producing a monolayer or 
5 atomic layer of amorphous Si02 or SixGcyOz. The chamber is then returned to 
the deposition mode wherem a layer of polysilicon is deposited. A layer of 
CoSi2 may then readily be formed on the polysilicon. 

The gate structure thus formed, in accordance with the present 
invention, is such that the nanocrystalline Si layer allows both continuity of 

10 RTCVD poly SiGe deposition even at high Ge concentrations and formation of 
small grain size. In turn, the small grain size of the nanocrystalline Si layer 
allows both enhanced boron difiusion and boron activation. The formation of a 
monolayer of SiOa, for example, on the poly-SiGe is sufficiently thin to readily 
permit current flow but yet is sufficient to block diffusion upwardly in the gate 

1 5 stack to the polysilicon layer so as to thereby allow good formation of CoSi2, 
particularly on nFET gate structures. 

Brief Description of the Drawing 

Figure 1 shows a cross-sectional view of a p-charaiel type FET (pFET) 
with a gate stack structure, in accordance with the present invention. 
20 Figures 2A - 2E show cross-sectional views depicting the progression of 

structure development in tfie steps employed to fabricate complementary 
pFETs and nFETs with the gate stack structure, in accordance witii the present 
invention. 
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Figures 3A - 3E are cross-sectional views used to describe a process for 
fabricating the gate structure, according to the present invention. 

Figure 4 shows a schematic approximate reproduction of a top view of a 
layer of Si nano crystal, as taken by a scanning electron microscope. 

Detailed Description 



With reference to Figure 1, there is shown a cross-section of a pFET 
with a gate stack structure, as provided in accordance with the present 
invention. Other than the gate stack structure, the arrangement is a 
conventional configuration, as is understood by those skilled in the art, and 

10 represents only a portion of an integrated circuit structure wherein other pFETs 
and complementary nFETs may be fabricated on the same substrate. The 
pFET shown would typicaUy be fabricated on p-type silicon (Si) substrate 
material (not shown) with p-type expitarial layer 1 formed thereon. A p-type 
dopant impurity is typically ion implanted into this selected region and an 

15 n-type well 3 is formed in the epitaxial layer 1 . An nFET on this same 

substrate would be formed by masking the pFET region with a photoresist, for 
example, and then ion implanting on an n-type dopant into the nFET region. 
Shallow trench isolating regions 5 are formed which define the active region. 
An oxide layer 43 is then formed and the gate stack structure 7, in accordance 

20 witii the present invention, is then formed. The P+ source and drain regions 19 
are formed in epi layer 3 in conventional manner. It should be noted that the 
various layers and regions are not to scale. 
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The gate stack structure, in accordance with the present invention, 
comprises Si nano-crystal layer 41, poly-SiGe layer 45, Si02 interfacial mono 
layer 47, poly-Si layer 49 and CoSk layer 51. The details of such layers and 
manner of &brication will be explained hereinafter. 
5 Figures 2A - 2E show cross-sectional views depicting the progression of 

structure development in the steps which may be employed in febricating 
nFETs and pFETs with the gate stack structure, in accordance with the present 
invention. The gate stacks 2 IN for the nFET and 21P for the pFET are shown 
for convenience to include the typical prior art layers of the same material for 

10 each, stacked on oxide layer 23. Typically, such a stack would comprise an 
amorphous silicon layer on oxide layer 23 followed by a layer of SiGe with the 
later topped with a poly-Si layer. It is also known to provide additional layers 
on the poly-Si layer. In such arrangements, a barrier layer of SiO may be 
deposited on the poly-Si followed by a layer of amorphous Si on the barrier 

15 SiO layer. Such an arrangement has been described, for example, in U.S. 
Patent Application Publication US 2003/00499 19A1 . The above-described 
barrier layer is taught to act as a barrier against Ge dif&ision. 

It should be noted that the Si layer on the gate oxide in the 
above-identified patent publication is amorphous Si with a grain size typically 

20 in the range of 800 to 900 Angstrom (A) after anneal. Such grain size tends to 
limit the grain size of the SiGe alloy layer to be deposited thereon and the 
amount of Ge, Le. [Ge], that can be deposited in the alloy. In addition, the 
grain size limits boron diffusion upon boron doping and subsequent gate 
activation. 
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The SiOx barrier in the above-identified publication is taught to be in the 
thickness range of 0.5 to 1 .5nm. Such thicknesses tend to limit current flow in 
the gate stack, i.e., create higher than desirable resistance. In addition, such 
thicknesses are not created in situ but necessitate removal from the deposition 
5 chamber. 

With reference to Figure 2A, before the gate stacks 21N and 21P are 
formed, a p-type dopant impurity is ion implanted into p-type epi layer 3 on 
substrate 1 to form p-type well 25, an n-type dopant impurity is ion implanted 
into the epi layer to form an n-type well 27 and isolating region 29 is formed. 

10 Here, shallow trench isolation is employed which isolation defines the active 
area region of the devices. At this point in the process, gate stack structures 
represented by 21N and 21P are then formed. 

In accordance witii the present invention, a gate stack structure 7, as 
represented in Figure 1, is formed. The steps of forming gate stack structure 7 

15 are best described with reference to Figures 3 A - 3E. The process starts, as 
shown in Figure 3 A, with depositing a Si nano crystal layer 41 on gate 
dielectric 43. Gate dielectric 43 may be a layer of Si02. The Si nano crystal 
layer is deposited by Rapid Thermal Chemical Vapor Deposition (RTCVD) 
using SiH4 gas to react with the Si substrate at 600"C and 5 to 20 Torr pressure 

20 for 5 to 10 seconds. The Si nano crystal layer is deposited to a thickness of 30 
to 60A with a grain size of 2 to lOnm in diameter of generally hemispherical 
shape. Grain sizes in the range fi-om 30 to 200A in diameter have also been 
found to be effective. These particles act as a Si seed layer on the gate 
dielectric facilitating subsequent small grain size poly-SiGe surface growth 

25 thereon. 
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An alternative approach to forming the Si nano crystal layer is by spin 
on deposition. For example, a spin on Si nano crystal layer can be formed by 
spin casting a dilute colloidal suspension of porous Si nanoparticles (~1 nM). 
p-type Si was anodically etched in HF:ethanol (1 :4) for 30 min. The resulting 
5 porous silicon layer was mechanically removed from the surface and sonicated 
in hexanes to reduce particle size. The sonicated solution was filtered through 
a 200nm filter to yield a stock solution. Only the smallest particles are 
suspended in the stock solution due to its finite solubility in hexane. 

Figure 4 shows an approximate graphic representation of a top view of a 
10 layer of Si nano crystal as taken by a scanning electron microscope. As can be 
seen from the lOOnm reference on Figure 4, the crystal grain sizes exhibit a 
diameter substantially less than lOOnm with a density of about el3 (10'^) 
particles/cm^. 

With reference to Figure 3B, after deposition of tfie Si nano crystal layer 
15 41, a uniform and continuous poly-SiGe alloy layer 45 is deposited on top of 
the nano crystal Si seeds. This layer is deposited in situ in the RTCVD 
chamber using lOOsccm of SiHt and 65sccm of GeHi to form SiGe of 25% at 
650'*C and 20 Torr pressure. As GeH} gas flow increases to HOsccm to react 
with the same amount of SiH4, a poly-SiGe 45% alloy layer is formed. Further 
20 increases in the GeH4 gas flow with the same amount of SitU will take the Ge 
concentration in alloy up to at least 70%. It should be noted, again, that the 
thicknesses of layers depicted in Figures 3A - 3E ^ not to scale nor 
necessarily accurate relative to one another. 

The deposited poly-SiGe alloy layer 45 is typically lOOnm thick and 
25 shows continuity with the underlying Si nano crystal layer. The poly-SiGe 
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alloy grain size diameter typically averages a relatively uniform 400A with the 
Si nano crystal seeds providing the growth structure for such small uniform 
grain sizes. The small grain size of the poly-SiGe alloy layer, in turn, allows 
for concentrations of Ge in tiie alloy of up to at least 70% with the continuity 

5 of the RTC VD-formed poly-SiGe being maintained over such [Ge] range. 
Typically, Ge concentrations of approximately 25% and above would 
otherwise cause discontinuous poly-SiGe. 

With reference to Figure 3C, after RTCVD of the poly-SiGe alloy layer, 
an inter&cial layer 47 of one or two monolayers of ultra thin SiOa or SixGeyOz 

10 is grown in situ. RTCVD permits temperature change as rapid as SO^C/sec. 
An in situ purge of the deposition chamber in an oxygen ambient at rapidly 
reduced temperature levels, such as 300°C to 500°C, results in a thin Si02 or 
SixGcyOz interfacial layer of 2 to 4A. The Si02 or SixGcyOz layer formed using 
RTCVD provides well controlled thickness with in situ growth without 

1 5 breaking the chamber pressure for tiie whole gate electrode deposition. 

The ability of RTCVD to rapidly nunp up and down in temperature is 
important in minimizing Ge difRision into other layers and formation of enough 
SixOy or SixGCyOz. Such SixOz layer, which is typically Si02, is, however, 
sufficiently thin that the structure of the barrier may generally take the form 

20 characterized by the e?^ression SixGcyOz. Since this one or two monolayer 
kiterfacial layer containing [O] is extremely thin, it is difficult to identify its 
precise conq)osition analytically. Accordingly, the best formulation has been 
found to be SixGcyOz which indicates that both Si and Ge have opportunity to 
form "oxides". The resultant effect was detected by SIMS analysis that show 

25 the blocking function of Ge up-difRision from Poly-Si layer 45 . 
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It should be noted that the SiOi or SixGeyOz monolayer 47 is sufficiently 
thin so as to not be continuous. As a result, monolayer 47 can be electrically 
conductive so as to pass current but yet there is enough [O] to stop Ge which 
may otherwise difiuse into the subsequently deposited poly-Si layer, shown in 

5 Fig. 3D. Thus, SiOa or SixGcyOz monolayer 47 is a barrier to Ge but yet does 
not create a significant resistance to current flow in the gate stack. 

After growth of Si02 or SixGcyOz interfacial layer 47, a thin poly-Si film 
49 is deposited on top of the SiOa or SixGCyOz layer, as shown in Figure 3D. 
The poly-Si layer 49 is approximately 300A thick and is deposited by reaction 

10 of 0.7slm of SiH, at 710°C and 15 Torr. The thin poly-Si layer is used for Co 
silicidation since poly-Si readily reacts with Co to form CoSia while Ge does 
not. 

Figure 3E shows an alternative gate stack structure to that shown in 
Figure 3D. The difference in the gate stack structure shown in 3E fi-om that 

1 5 shown in Figure 3D is in the inclusion of poly-Si layer 5 1 . Such layer is 

deposited in situ on poly SiGe 45 to a thickness of approximately 100 to 300A 
employing a gas reaction of 0.7slm of SiHj gas at 710^ and 1 5 Torr. As can 
be seen, interfacial layer 47 splits the poly-Si gate electrode of the gate stack. 
The advantage of including poly-Si layer 5 1 in the gate stack is that it fiirther 

20 facilitates the growth of ultra-thin interfacial layer 47 of Si02. This ultra-thin 
interfacial oxide layer results fi"om low temperature [~400*'C] oxidation on the 
poly-Si surfece based upon the reaction of Oa+Si — ^> Si02 without Ge 
involvement, as was the case in the arrangement of Figure 3D. 

Again, with reference to Figures 2A - 2E, after formation of the gate 

25 stack structures shown in Figures 3D and 3E, the process continues in the 
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fomiation of complementary nFETs and pFETs. It should be noted that the 
gate stack structures 2 IN and 2 IP for respective nFET device and pFET 
device are the same thereby simplifying the process. As shown in Figure 2B, 
the gate stack structure 2 IP is then covered with a masking photoresist 31 
5 formed through photolithography. This leaves gate stack structure 2 IN and 
adjacent active region 25 e?q)osed so that they may be ion implanted with an 
n-type dopant such as, for example, phosphorous. Phosphorous is implanted 
with an acceleration energy sufiScient to reach into the polysilicon layer 49 in 
Figures 3D and 3E. Thus, n-type doped regions 35n on each side of the gate 

1 0 stack are produced in self-aligned manner. 

Similarly, as shown in Figure 2C, gate stack structure 2 In is covered 
witii a photoresist 33 leaving gate stack structure 21p and active n-type well 
area 27 exposed. Boron, for example, may then be ion implanted into gate 
stack structure 2 IP and surrounding active regioa As with gate stack structure 

15 2 IN, the boron is implanted witti an acceleration energy sufficient to reach into 
the poly-Si layer 49, as shown in Figures 3D and 3E. Again, self-aligned 
p-type doped regions 35p are formed on each side of gate stack structure 2 IP. 

As shown in Figure 2D, oxide sidewall insulating spacers 37 and 39 are 
formed on the sidewalls of the gate stack structures and then a layer 30 of 

20 cobalt is conformally deposited over the entire surface of tiie resultant 
semiconductor structure. 

The structure is then subjected to a heat treatment wherein the ion- 
inq>lanted boron and ion-inq)lanted phosphorous are activated and the cobalt is 
selectively silicided in reaction with poly-Si layer 49, as previously shown with 

25 reference to Figures 3D and 3E. The resulting CoSi2 layer is shown as layer 5 1 
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in the gate stack structure, in accordance with the present invention, shown in 
Figure 1. This CoSi2 layer is shown as layer 32 in the general gate stack used 
to describe the process in Figure 2E. 

Thus, while the thermal energy is being applied, the phosphorous 
5 implanted regions 35n and boron implanted regions 35p are cured as shown in 
Figure 2E, and the inq)lanted regions are diffiised to form shallow 
phosphorous-doped and shallow boron-doped source and drain regions, as 
shown at 36n - 38n and 36p - 38p. 

While the ion-implanted dopant impurities are being activated in the 
10 doped regions 35n and 35p, the thermal energy further acts to make this 
ion-implanted phosphorous and ion-implanted boron active in the gate 
structures 21N and 21P. The small grain size of the Si nano crystal layer 41 in 
Figures 3A - 3D acts to both enhance boron diffiision and aid in gate 
activation. 

1 5 Although the thermal energy is such as to make the ion-implanted 

phosphorous highly activated, the Ge promotes complete activation and 
provides higher solubility of tiie ion-implanted boroiL On the other hand, tiie 
upward diffusion of the Ge into the top of the stack is prevented by interfacial 
SiOa or SixGcyOz layer 47, as shown in Figures 3D and 3E, whereby 

20 poly-Si/Co silicidation is carried out without tiie use of a Ge barrier that causes 
resistance to current flow through the gate stack. In addition, the formation of 
the interfacial SiOz or SixGcyOz layer 47 by the RTCVD process acts to 
minimize the Ge dif^ion into other layers. 

A subsequent annealing step causes a reaction between the silicon at the 

25 top of the gate stacks and the cobalt to thereby form CoSi2 layer 32, as 
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previously described. In addition, the cobalt also reacts with the doped regions 
36n, 38n, 36p and 38p to form CoSia contacts 40n, 42n, 40p and 42p in 
self-aligned fashion. The remaining cobalt of layer 30 is then etched away. 
With reference to the gate stack structure in accordance with the present 
5 invention, reference is made, again, to the pFET depicted in Figure 1 . The 
overall pFET structure shown in Figure 1 is the same as the pFET structure 
shown in Figure 2E except for the gate stack structure. Thus, in accordance 
with the present invention, the gate stack structure of Figures 2A - 2E is 
replaced by the gate stack structure shown in Figure 1 and the febrication 

10 process depicted in Figures 3 A - 3D. Although not shown in Figure 1, it is 
clear that an nFET structure would, similarly, be the same as the nFET 
structure shown in Figure 2E with the same gate stack structure shown in 
Figures 3A - 3D. The gate stack stoicture shown in Figure 3E could readily 
replace the gate stack structure of Figure 3D. 

15 Figure 1, then, shows a silicon epitaxial layer 1, an n-well layer 3 and p+ 

doped regions 19. Isolation region 5 defines the active area region. The gate 
stack 7 of the present invention sits on gate oxide 43. The stack structure 
comprises Si nano crystal layer 41, poly SiGe layer 45, mono interfacial layer 
47 and poly Si layer 49. Layers of CoSia are shown at 5 1 and 57 with the 

20 remainder of the conformal cobalt layer shown at 55. It is clear that the latter 
layer may be readily etched away and a layer of insulating material 
conformally deposited upon tiie structure. 

It will be understood fi*om the foregoing description that various 
modifications and changes may be made in the preferred embodiment of the 

25 present invention witiiout departing fi-om its true spirit It is intended that this 
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description is for purposes of illustration only and should not be construed in a 
limiting sense. The scope of this invention should be Umited only by the 
language of the following claims. 
What is claimed is: 
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